Abstract. Maximum Power Point Tracking (MPPT) technology greatly affects the transformation efficiency of a photovoltaic system. Tracking precision and response speed requirements cannot be satisfied simultaneously using conventional perturbations and observational methods with fixed step-sizes. In this paper, a duty-cycle-based logic control algorithm for stand-alone PV systems was proposed according to the MPPT evaluation requirements. Adjusting the duty cycle of the PWM signal to track the maximum power point can be achieved by regulating the input-output relation of the converter. By comparing the power at the current moment with the previous moment, the variation tendency of the duty cycle D can be determined. In this method, the duty cycle D is adopted as a controlling parameter, and only one control cycle is required, significantly reducing the controller complexity. Using a photovoltaic array YF-M20 as an example, simulations were performed under varying light conditions, and the results indicate that the proposed method can accurately track the maximum power point of the photovoltaic system and quickly respond to changing environmental variations.
Introduction
To enhance the efficiency of PV power generation systems, the output power of solar cells should always be remained at a maximum level [1] . By installing a maximum power point tracking device between the solar cells and the load, the solar cell can maintain maximum power outputs at all times. However an adequate MPPT algorithm capable of maintaining such an output is critical, and extensive research has been conducted to find a suitable tracking algorithm, especially the perturbation and observation (P&O) methods [2] [3] . In ordinary P&O methods, there is always a trade-off between tracking precision and response speed in setting the step size. If the step size is too small, the tracking time will be extended and affects the dynamic response performance of the system. If the step size is too large，fluctuations of the output power will be increased, and the average of output will be far smaller than the maximum value, resulting in increasing the steady-state error.
Theoretically, there is always a maximum power point for a solar cell. However, in actual processes, it is difficult to find. For a given MPPT algorithm, there are several evaluation indices: (1) the complexity of a control algorithm; (2) the steady-state operating efficiency of the system; (3) the anti-interference performance of the system; (4) the dynamic response capability [4] . One solution to solve these problems is to use logic control based on Pan-Boolean algebra. Logic control aims at studying the mental models and rules which occurred when humans perform control activities, and their applications in MPPT control [5] . We propose a logic-control-based MPPT algorithm for stand-alone PV systems according to the MPPT algorithm evaluation requirements.
MPPT Control System Based on Logic Control
Unlike other industrial process control systems, the proposed logic-control-based MPPT control system is a closed-loop control system from the perspective of control engineering. Fig.1 illustrates the structure of the control system. The MPPT control system is composed of the object (solar cell), the detection and transmission module, a controller and an actuator (including a PWM drive circuit and a Boost circuit).
The detection and transmission module consists of a current shunt, a current sensor, a voltage sensor and a data acquisition module, and the primary task is to output the voltage and current.
The block diagram of the MPPT control system for the PV systems is shown in Fig.2 . For an individual solar cell, the P-D relation curve is similar to the P-V and P-I curves (Fig.3) . Moreover, when dP/dD = 0, the output power reaches its maximum point.
If the operating point for Curve 1 in Fig.3 is located at D1, the output power of the solar cell at this moment is P1. While the operating point moves to D2, the output power is P2. If we compare P2 and P1, we see that P 2 >P 1 , meaning the output power increases after the signal difference ∆D is input into the system. At this moment, the operating point is located on the left of the maximum power point P max . If the voltage increases further, the operating point moves towards the right side, meaning it approaches P max . If the operating point moves over P max and reaches D 4 , and ∆D is the input at this moment, then the operating point will reach D 5 . We see that P 5 <P 4 , indicating that the operation point is located on the right of P max , the power will be reduced after the signal difference ∆D is input, the variation direction of the input signal should be changed at this moment. Therefore, the power at the current moment is compared with the power at the pervious moment, and the maximum power point P max can be found by repeating this procedure.
Based on the above analysis, we can conclude that the determination of the operating point position is key for MPPT controllers, and the adopted discrimination method is described below.
(1) When P(k+1)>P(k), if D(k+1)>D(k), the operating point is on the left of P max and the voltage should increase; if D(k+1)<D(k), the operation point is on the right and the voltage should decrease;
(2) When P(k+1)<P(k), if D(k+1)>D(k), the operating point is on the right of P max and the voltage should decrease; if D(k+1)<D(k), the operation point is on the left and the voltage should increase.
Control Rule of the Logic-control-based MPPT Algorithm
According to the dynamic searching process for P max , when the solar radiation remains unchanged, the control rule of the logic-control-based MPPT algorithm can be derived.
Assuming that ∆P(k) denotes the output power of the solar array, the location of P max can be expressed in Eq.(1) using the value of ∆P(k) on the condition of maximum power:
where ε is a performance index of the control system and reflects the sensitivity of adjustment, and ε ≥ 0. The output power of the solar array, ∆P is decomposed using ε as performance index, then the P-D two-dimensional plane can be divided into 5 sub-regions as displayed in Fig.4 . Based on the characteristics of the dynamic searching process for P max , the control rule of the logic-control-based MPPT algorithm can be described as follows:
(1) Region O, P ε ∆ ≤ , in which the operating point of the solar array is located at the maximum power point since the operation of the solar array is not disturbed by the external interference. The output of the logic-control-based MPPT controller in this region is 0 (NC), meaning the voltage remains unchanged in this region so that the oscillating adjustment can be prevented.
(2) Region I. In this region, when P(k+1)>P(k), if D(k+1)>D(k), the operating point is on the right of P max and D should be increased. The voltage increments can be classied into three levels: When According to the requirements of searching for P max , we can use 13 statements to describe this control process in Table 1 . The various increments correspond to seven different operating conditions that are convenient for the practical design of the control system. Table 1 . Control rule of the logic-control-based MPPT algorithm for the solar cell. 
In practical engineering application, the allowable value of the power increments is first set as the positive valueε . According to the logic expression described in Eq.(2), one in seven states of Y 1 is calculated to be true, and the corresponding D is output value. Then, varying the duty cycle of PWM and thus adjusting the voltage can optimize the system performance.
Implementation of the Proposed Logic Control Algorithm for MPPT Based on Duty Cycle
Based on the algorithm principle described in Section 3.2, the implementation of the algorithm includes the following procedures:
(1) Initialization, i.e., to input the parameters, D(0)=0, U(0)=0, I(0)=0; (2) Read U(k) and I(k), and calculate P(k); (3) Calculate the power increment, i.e., ∆P(k)=P(k)-P(k-1); (4) Judge whether the condition |∆P(k)|≤ε is satisfied or not; (5) If |∆P(k)|<ε, the MPP is found and returns to the step (2); else, the implementation continues; (6) Calculate whether one state in Y 1 is true using the logic expression described in Eq.(2); (7) Select ∆D(k+1); (8) Calculate D(k+1)=D(k)+∆D(k+1); (9) Prepare for the next run, P (k-1) = P(k); (10) Return to the step (2).
Simulations on the Logic-control-based MPPT Algorithm
Using the photovoltaic array YF-M20 as an example, simulations were performed by abruptly varying the amplitude of sunshine between 500, 800 and 1000 W/m 2 every other 100s. The simulation results indicate that, when using the proposed duty-cycle-based logic control algorithm for MPPT, the tracking velocity is faster when the operating point is farther away from P max , and the oscillation is smaller when the operating point approaches P max , meaning the tracking process is more stable.
Conclusions
In this paper, a duty-cycle-based logic control algorithm for MPPT in a stand-alone photovoltaic power system as proposed, and simulations were performed under varying light conditions. The simulation results indicate that the proposed method can accurately track the maximum power point of the photovoltaic system. Moreover, using this method, the system can respond quickly to variations in the external environment, thus greatly enhancing the photovoltaic power generation efficiency.
